SUMMARY Blood flow patterns were analysed at nine points in the pulmonary area using the pulsed Doppler technique combined with cross sectional echocardiography in 53 patients with heart disease and 10 healthy subjects. In subjects with a normal pulmonary artery pressure the blood flow pattern in systole showed a gradual acceleration and deceleration with a rounded summit in mid systole, designated the round type. In patients with pulmonary hypertension it showed a rapid acceleration and early deceleration with a sharp peak in early systole, designated the triangular type. The acceleration time index, defined as the ratio of the time interval from the beginning to the peak of ejection to the ejection time, showed a significant inverse correlation with mean pulmonary artery pressure. In pulmonary hypertension a prominent reverse flow occurred in the right posterior part of the pulmonary trunk during mid-systole and early diastole, indicating the presence of a vortex. Similar flow patterns were also seen in patients with idiopathic pulmonary artery dilatation. The factors responsible for the triangular type were principally the reduced capacitance and increased impedance of the pulmonary vascular tree. Those responsible for the reverse flow were the curved path of the blood flow and the dilatation of the pulmonary artery.
The development of the pulsed Doppler ultrasound technique has provided a non-invasive method of examining the blood flow in deep lying blood vessels and cardiac chambers. The usefulness of this technique in detecting abnormal flow in valvular and congenital heart disease has been well established. 1 -18 In this study we analysed the blood flow pattern in the pulmonary artery with special reference to changes in pulmonary hypertension using this technique.
Patients and methods
Twenty four patients with aortic and mitral valve disease and 26 with a secundum atrial septal defect were studied. Three patients with idiopathic pulmonary artery dilatation were also studied for comparison. Their ages ranged from 20 to 74 (mean 40-6) years. The diagnoses were confirmed by cardiac catheterisaRequests for reprints to Dr Mitsunori Okamoto, Research Institute, National Cardiovascular Center, 125 Fujishirodai 5-chome, Suita, Osaka 565, Japan.
Accepted for publication 27 October 1983 tion and angiography. Mean pulmonary artery pressure was higher than 25 mm Hg in 23 of the 50 patients, and none of three with idiopathic pulmonary artery dilatation had pulmonary hypertension. Ten healthy subjects were also examined as controls. EQUIPMENT The system used consisted of a directional pulsed Doppler flowmeter (Hitachi Medico EUD-4Z) and a commercially available electrocardiogram gated compound cross sectional echocardiograph based on the stop motion principle (Aloka SSDA120). Details of this system have been previously described.8 A transducer attached to a guide arm to indicate the position and the angle of the transducer was used for both the Doppler flowmeter and the echocardiograph by switching the mode of display (Fig. 1) . The ultrasound frequency of the Doppler flowmeter was 2-5 MHz and the pulse repetition rate 4-5 kHz or 6-3 kHz. The size of the sample volume was 6 mm (width) x 5 mm (depth). The (Fig. 2 ). Blood flow signals were recorded in each direction at the right ventricular outflow tract near the pulmonary valve, the pulmonary orifice, and the pulmonary trunk near the pulmonary valve. The horizontal cross section at the level of the pulmonary trunk was also used for further analysis of the blood flow in the pulmonary trunk.
In all subjects the blood flow pattern in the central part of the pulmonary area was classified into three types for the purpose of analysis (see results). The observations were performed independently by three observers, the final classification being based on the agreement of at least two of the three observers.
To determine the timing of the peak flow velocity the acceleration time index was measured in the central part of the pulmonary orifice using the flow pattern. The index was defined as the ratio of the time interval from the beginning of ejection to the time of the peak flow velocity-that is, the acceleration time-to the ejection time (Fig. 3) 
Results

BLOOD FLOW PATTERN IN HEALTHY SUBJECTS
In healthy subjects the blood flow pattern during ejection in the right ventricular outflow tract, pulmonary orifice, and pulmonary trunk was characterised by slow acceleration and a rounded summit in midsystole, so that the envelope of the instantaneous maximum flow velocity showed a domed configuration (Fig. 4) Pulmonary trunk In 14 of the 23 patients with the round type technically adequate blood flow signals could be obtained in the pulmonary trunk. In the remaining nine patients the pulmonary trunk could not be satisfactorily visualised on the echocardiogram, so the adequate blood flow signals for analysis could not be obtained. In the 14 patients with the round type the blood flow pattern in the pulmonary trunk was almost similar to that in the pulmonary orifice and showed no prominent reverse flow in systole. In the 14 patients with the triangular type the pattern in the pulmonary trunk varied in relation to the site of the Doppler recording (Fig. 6 ). In the anterior part of the pulmonary trunk the pattern was similar to that in the pulmonary 411 orifice. In the central and posterior parts of the pulmonary trunk the forward ejection flow ended in early or mid-systole and was followed by a reverse flow which lasted to early or mid-diastole. The reverse flow showed a relatively narrow band velocity spectrum. In 10 of the 13 patients with the intermediate type the pattern in the pulmonary trunk was similar to that of the round type and in the remaining three similar to that of the triangular type.
When examined in the horizontal section at the level of the pulmonary trunk in five patients with pulmonary hypertension with the triangular type the reverse flow was also evident in the right posterior half of the pulmonary trunk but not in the left anterior half (Fig. 7) .
BLOOD FLOW PATTERN IN IDIOPATHIC PULMONARY ARTERY DILATATION
In the three patients with idiopathic pulmonary artery dilatation the blood flow pattern in the right ventricular outflow tract and the pulmonary orifice showed the round, triangular, and intermediate types respectively (Fig. 8) (Table) .
A statistically significant inverse correlation was noted between the acceleration time index and mean pulmonary pressure in the 50 patients with heart disease (r= -0-78, p<0-005) (Fig. 9) .
Mean pulmonary artery pressure and total pulmonary vascular resistance were also compared in patients with and without prominent reverse flow in the pulmonary trunk (Table) . Mean pulmonary artery pressure and total pulmonary vascular resistance were significantly higher in those with a prominent reverse flow than in those without (p<0.001).
In the three patients with idiopathic pulmonary artery dilatation mean pulmonary artery pressure and total pulmonary vascular resistance were 10 mm Hg and 134 dyn s cm-5 in the round type, 11 
Discussion
The technique using a Doppler flowmeter to examine the pulmonary area was described by Light using the continuous wave mode. 19 In some cardiovascular diseases this identified abnormalities in the flow pattern in an area which is difficult to examine with ultrasound.
The combined use of cross sectional echocardiogra-Bloodflow pattern in pulmonary hypertension phy and the pulsed Doppler techniqu perform regional measurements of blo( tiple sites in the cardiac chambers. T sample volume is generally small in co the size of cardiac chambers. The size from the right ventricular outflow tra monary trunk is usually 20-25 mm i healthy adults and larger in patients w hypertension. In the present study, t sample volume was 5 mm (depth) x 6 2 mm (depth) x 4 mm (width). It is si measure the blood flow in separate pa monary area. Analysing the blood flow pulmonary area at nine points is coI reasonable.
The technique using the pulsed Dop has shown that the blood flow patter varies greatly with different anatomic. 
in diameter in
In the present study, the triangular configuration of ith pulmonary the flow pattern seemed to be the specific feature of the size of the the pulmonary ejection flow in pulmonary hypertenmm (width) or sion, whereas the round configuration was usually mall enough to seen in healthy subjects. The triangular pattern in irts of the pul-pulmonary hypertension has been also reported using pattern in the the continuous wave Doppler technique. 20 In the nsidered to be present study, however, the pulsed wave mode showed that the flow pattern with a reverse compo-)pler flowmeter nent varied at different parts of the pulmonary area. rn in the heart Thus the pulsed wave mode allowed us to analyse the al lesions. The regional haemodynamic conditions in more detail in ows4-6 in con-the pulmonary area than did the continuous wave VS7- 14 This mechanism may also explain the early beginning of deceleration of the pulmonary arterial flow in idiopathic pulmonary artery dilatation, because in this condition-as the pulmonary arterial walls are distended-their reserved capacity of distensibility might be reduced.25 Of course, these factors are generally dependent on each other and probably affect the blood flow pattern at the same time.
In pulmonary hypertension and idiopathic pulmonary artery dilatation, a prominent reverse flow occurred after the short forward ejection flow in the pulmonary trunk. Such a prominent reverse flow was not evident in healthy subjects. The reversal of flow began from mid-systole or occasionally even from early systole. These findings seem to indicate a vortex in the right posterior part of the pulmonary trunk (Fig. 10 ).
It must be considered whether the reverse component might be an artefact. Firstly, the movement of the whole pulmonary artery relative to the transducer may cause an apparent reverse flow in the velocity spectrum as the pulmonary artery moves anteriorly in systole. However, the velocity of the anterior movement of the pulmonary artery does not seem to exceed that of the ejection flow, as is shown on the echocardiogram. Secondly, the pulmonary sinuses of Valsalva may have been sampled. These sinuses would contain Okamoto, Miyatake, Kinoshita, Sakakibara, Nimura vortices in the aorta. The reverse flow in the present study was, however, observed not only in the vicinity of the pulmonary valve but also in the area away from the valve. Furthermore, it was detected in the right posterior part of the pulmonary trunk but not in the left anterior part. The most likely factors responsible for the reverse flow are the curved path and dilatation of the pulmonary artery. In general, the pulmonary trunk turns posteriorly. The pathway from the pulmonary trunk to the right pulmonary artery shows a more curvilinear route than that to the left pulmonary artery. The curved path of the vessel is enhanced in pulmonary hypertension and idiopathic pulmonary artery dilatation. The dilatation of the pulmonary trunk and the curved path could cause streamline separation26 in the right posterior part of the vessel, resulting in vortex formation. This vortex is detected as reverse flow. As mentioned above, the whole pulmonary artery moves anteriorly in systole. If there is a jet from the pulmonary orifice to the pulmonary artery the sample volume may be within the jet in early systole and then within the vortex. This mechanism may be an additional factor in producing an apparent reverse flow.
As reported by us, pulmonary regurgitation is often detected by the Doppler technique in patients with pulmonary hypertension.I0 The reverse flow related to pulmonary regurgitation may be seen in the right ventricular outflow tract as well as in the pulmonary 
